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Femtosecond time-resolved X-ray diffraction is used to study a photo-induced phase transition
between two charge density wave (CDW) states in 1T-TaS2, namely the nearly commensurate (NC)
and the incommensurate (I) CDW states. Structural modulations associated with the NC-CDW
order are found to disappear within 400 fs. The photo-induced I-CDW phase then develops through
a nucleation/growth process which ends 100 ps after laser excitation. We demonstrate that the newly
formed I-CDW phase is fragmented into several nanometric domains that are growing through a
coarsening process. The coarsening dynamics is found to follow the universal Lifshitz-Allen-Cahn
growth law, which describes the ordering kinetics in systems exhibiting a non-conservative order
parameter.
Among strongly correlated electron systems, supercon-
ductors and materials exhibiting metal-insulator tran-
sitions are usually characterized by strong electron-
electron and electron-phonon couplings [1–3]. At ther-
modynamic equilibrium, the corresponding many-body
interactions lead to rich phase diagrams as a function
of temperature, pressure or doping. Such compounds
also display fascinating out-of-equilibrium physics, in the
form of ultra-fast symmetry changes known as photo-
induced phase transitions [4–6], and occurrence of new,
transient states [6–8].
Charge density wave (CDW) states are broken symme-
try states of metals arising from electron-phonon inter-
actions. They are characterized by a periodic modula-
tion of both atomic positions and electron density. The
metal-to-CDW phase transition is characterized by the
growth of a complex-valued order parameter p = A expiΦ,
which reflects both the amplitude A and the phase Φ of
the periodic modulation [3]. A number of photo-induced
phase transitions that have been achieved in CDW com-
pounds correspond to a suppression of the CDW order,
i.e. a transition between a CDW state and a metallic
state free of any structural modulation [5, 9–15]. Among
those, the photo-induced suppression of the CDW state
in blue bronze was shown to involve a coherent motion of
atoms along the normal coordinates of the CDW ampli-
tude mode [5]. In this case, the amplitude mode allows
continuous variations of the modulus of the order pa-
rameter |p|, the metallic state corresponding to |p|=0. In
the present work, we focus on the photo-induced phase
transition between the nearly commensurate (NC) and
the incommensurate (I) CDW states in 1T-TaS2, which
exhibit two distinct order parameters. When thermally-
induced, this first-order phase transition involves a dis-
continuous change of atomic positions, and a coexistence
of NC and I phase domains over a 3 K range [16, 17].
It is thus expected that the photo-induced I phase ap-
pears through non-coherent atomic motions, by a nucle-
ation/growth process. We report that the photo-induced
NC → I phase is completed within 100 ps after laser
excitation. At this 100 ps delay, the photo-induced I-
CDW phase is found divided into domains with a typical
size of 150 A˚. Its ordering kinetics could be captured,
in the form of a coarsening of the domain pattern. To
our knowledge, this constitutes the first experimental ob-
servation of a coarsening phenomenon on the nanometer
and picosecond length- and time-scales.
1T-TaS2 is a lamellar compound formed by sheets
of edge-linked TaS6 octahedra (Fig. 1a). In the struc-
ture of highest symmetry, the Ta-atoms form a regu-
lar hexagonal lattice. Below 543 K, a transition to the
triple-q modulated I-CDW phase occurs. In this phase,
an atom which lies at the position ~r of the hexagonal
lattice is displaced by the vector ~u (~r) =
∑3
i=1 uI ~ei ×
cos
(
~qI
i.~r + ΦI
)
. The I-CDW modulation is character-
ized by its wavevector ~qI
1 = 0.283 ~a∗ + 13 ~c
∗ and equiva-
lents by the 3-fold symmetry [17], as well as by the order
parameter pI = uI exp
iΦI [18, p. 175]. Below 350 K, the
modulation wavevectors suddenly rotate by about 12◦ in
the ( ~a∗, ~b∗) plane, marking the onset of the NC-CDW
state. At 300 K, the NC phase exhibits modulation vec-
tors ~qNC
1 = 0.245 ~a∗ + 0.068~b∗ + 13 ~c
∗ and equivalents by
the 3-fold symmetry [17, 19].
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2FIG. 1. (a) Crystal structure of 1T-TaS2. The hexagonal
unit-cell is represented in red [20]. (b) Location of diffracted
intensity in reciprocal space. Satellite peaks related to the
1¯10 lattice peak are represented in purple for the NC phase
and in green for the I phase (filled circles: l = 1
3
, open circles:
l = − 1
3
). In the chosen experimental conditions, scanning the
azimuthal angle ϕ allows measuring diffracted intensity along
the thick red line.
The advent of setups dedicated to time-resolved
diffraction on sub-ps timescales has allowed detailed anal-
yses on the mechanism of several photo-induced phase
transitions [5–7, 10, 12, 21–23]. Diffraction techniques
are especially well adapted to study CDW compounds
[5, 10, 12, 14, 15, 22, 24–29]. Indeed, a structural mod-
ulation with wavevector ~q gives rise to satellite peaks
located at positions ±~q with respect to each regular lat-
tice peak (Fig. 1b). Their intensity is proportional to the
square of the atomic displacement amplitude, which of-
fers a direct measurement of the CDW order parameter.
Femtosecond pump-probe diffraction experiments were
carried out using a hard x-ray synchrotron slicing source
[30]. A platelet-like, (001)-oriented 1T-TaS2 single crys-
tal [31] was excited with 1550 nm laser pulses with p
polarization, at an incidence angle of 10◦ with respect to
the surface plane. The diffraction was studied in a graz-
ing incidence geometry by using 7.05 keV, 140 fs x-ray
pulses at an incidence angle of about 1◦. The effective
penetration depths of the laser and x-ray beams [32] are
estimated to δL = 44 nm and δRX = 130 nm, respectively
[33, 34]. In order to maintain the grazing incidence angle,
the diffraction condition is tuned by rotating the sample
about its surface normal. In the following, this rotation
is referred to as azimuthal angle and denoted ϕ. The
temperature was controlled between 240 K and 300 K by
means of a N2-blower.
Figure 2a shows the profiles of diffracted intensity
measured at the ~qNC = (−1.313, 1.245, 0.333) and
~qI = (−1.283, 1.283, 0.333) satellite peak positions in
reciprocal space, for various time intervals after photo-
excitation (absorbed fluence 6.8 mJ/cm2 [35], 265 K).
The NC→ I photo-induced transition is evidenced by the
appearance of the I satellite peak and its growth at the
expense of the NC satellite peak, on timescales ranging
from hundreds of fs to tens of ns. The time-dependence
of the integrated intensity and full width at half maxi-
FIG. 2. (a) Diffracted intensity profiles measured at the
NC and I satellite peak positions during the NC → I photo-
induced phase transition of 1T-TaS2 (absorbed fluence 6.8
mJ/cm2, 265 K). The dots represent measured data and
the solid lines their best fit using a pseudo-Voigt function.
(b) Time-dependence of the NC and I peak profile parame-
ters, as extracted from the fit. (c) Schematic drawing of the
3-steps dynamics of the photo-induced NC → I phase transi-
tion. For each step, crystal views from both the top and the
side are given.
mum (FWHM) was determined for both the NC and I
satellite peaks, by fitting a pseudo-Voigt function to the
data (Fig. 2b). A 3-step mechanism of the photo-induced
NC → I phase transition is revealed (Fig. 2c):
1) An ultrafast NC → I phase transition occurs in the
first few ps after laser excitation, as shown by the drop
of the NC satellite peak intensity and the concomitant
appearance of diffuse scattering at the I satellite peak
position.
2) For pump-probe delays ranging from 100 to 500 ps,
the integrated intensities of the NC and I satellite peaks
remain fairly constant, meaning that the modulation am-
plitudes and the relative volumes of the NC and I phases
are stabilized. The width of the I satellite peak, how-
ever, still evolves, giving evidence for structural rear-
rangements within the photo-induced I-CDW state.
3) A second growth of the I phase at the expense of
the NC phase is observed at pump-probe delays longer
3FIG. 3. (a) Time evolution of the normalized diffracted in-
tensity at the NC satellite peak position −1.313 1.245 0.333
(240 K). Lines represent the best fits using a weighted sum
of the model functions defined for regions 1 and 2 (see text).
(b) Relative change of intensity observed for the NC satellite
peak as a function of fluence (∆t = 10 ps). (c) Schematic rep-
resentation of the inhomogeneous excitation across the probed
depth of the 1T-TaS2 crystal. The z axis lies normal to the
crystal’s surface.
than 500 ps and up to 50 ns. Taking into account the
typical heat diffusivity in solids [10−6 m2.s−1] and the
130 nm probed depth, the latter timescales can be asso-
ciated with heat diffusion processes. Due to the limited
penetration depth of the infrared photons, the laser ex-
citation density decays exponentially within the probed
depth of the sample (Fig. 3c). The photo-induced I phase
is thus expected to nucleate close to the sample’s surface.
At a delay of 100 ps after laser excitation, an effective
local temperature can be defined, which follows an in-
depth profile similar to the one of laser excitation den-
sity. Temperature homogeneity is then slowly restored
through heat diffusion, which causes a transient temper-
ature increase in the furthest regions from the surface
and, in turn, a thermally activated growth of the I phase
towards sample’s depth.
Figure 3a shows the time evolution of diffracted in-
tensity at the NC satellite peak position ~qNC (240 K,
absorbed fluences ranging from 1.7 to 5.3 mJ/cm2). A
drop of diffracted intensity is observed, followed by a par-
tial recovery within 3 ps. The diffracted intensity then
remains approximately constant up to at least 10 ps. At
the lowest fluence studied, periodic oscillations could be
clearly resolved within 2 ps after laser excitation. Varia-
tions of the NC satellite peak intensity can reflect either
a change of the NC-CDW modulation amplitude, or a
change of the relative volume of the NC phase. Fig. 2a
shows that 10 ps after laser excitation, the reduced in-
tensity of the NC satellite peak is observed concomitant
with a diffraction contribution located at the I satellite
peak position. For larger pump-probe delays, the NC
and I satellite peak intensities show an inverse correlation
(Fig. 2b). These observations suggest that the intensity
variations observed beyond 10 ps after laser excitation
are due to changes of the relative volumes of the NC and
photo-induced I phases, rather than a change of the NC
or I order parameters. Under this assumption, the NC
satellite peak intensity at 10 ps pump-probe delay is a
measure of the relative volume of the NC phase. We write
VNC ≈ I (10 ps) /I0, where I0 denotes the diffracted in-
tensity before laser excitation. Its fluence-dependence
is reported in Fig. 3b, giving evidence for two different
regimes of the photo-induced response. Below the thresh-
old fluence Fth = 2.8 mJ/cm
2, VNC slowly decreases with
fluence, but remains greater than 93%. The slope then
dramatically increases above Fth. We propose that Fth is
the threshold fluence of the photo-induced NC→ I phase
transition [12].
Assuming linear absorption, the effective laser fluence
decays exponentially across the probed depth z, following
F (z) = F0 e
−z/δL . In the case where F0 > Fth, the
sample splits into two regions exhibiting each a different
behavior upon laser excitation (Fig. 3c):
Region 1- [z < zth = δL ln(F0/Fth)] This region un-
dergoes the photo-induced NC→ I phase transition. The
NC satellite peak intensity measured from this region is
expected to drop to zero within few ps, as a result of both
a decrease of the NC order parameter and a reduction of
the relative volume of the NC phase. We chose to model
the disappearance of the NC satellite peak intensity by a
sigmoid-shaped function. One writes I
1(t)
I10
= S(t), where
S(t) equals 12
(
1 + cos
[
pit
Ts
])
when 0 ≤ t ≤ Ts, and 0
when t > Ts. Ts is the completion time of suppression of
the NC-CDW order in region 1.
Region 2- [z > zth] No photo-induced transition occurs
in this region. In the low fluence regime, laser pulses are
known to coherently excite the amplitude mode of the
NC-CDW [36–38], which results in periodic oscillations
of the modulus of the order parameter pNC in time. This
behavior can be modeled assuming a displacive excita-
tion mechanism [5, 39]. For t ≥ 0, one writes I2(t)
I20
=(
1 +Ad
[
cos (2piνAM t) e
−t/τAM − e−t/τd])2, where Ad,
νAM and τAM represent the amplitude, frequency, and
damping time of the coherent oscillations of the ampli-
tude mode. The time constant τd characterizes the relax-
ation of the transient quasi-equilibrium atomic positions.
The function VNC
I1(t)
I10
+ (1− VNC) I
2(t)
I20
allows an ex-
cellent fit of the experimental data (Fig. 3a). In sample
parts subjected to a fluence lower than Fth, the coher-
ently excited amplitude mode is found to exhibit a fre-
quency νAM of 1.9±0.2 THz and a short damping con-
stant (τAM varies from 290 to 140 fs as F0 increases from
4FIG. 4. (a) Diffraction profiles of the photo-induced I satellite
peak (F = 6.8 mJ/cm2, T = 240 K). The strong contribution
observed on the small angle side corresponds to the edge of
the NC satellite peak. (b) Time-evolutions of the integrated
intensity of the I satellite peak (triangular dots), and of the
photo-induced I-CDW correlation length (round dots).
1.7 to 5.3 mJ/cm2). The parameter τd is found equal
to 570±200 fs at all fluences studied. These results are
consistent with those of previous time-resolved ARPES
and optical measurements [36–38]. On the other hand, in
sample parts subjected to a fluence higher than Fth, the
fit using the S(t) function shows that NC modulations
decrease within Ts = 400 fs, slower than half a period
of the NC-CDW amplitude mode (Fig. 3c). A plausible
scenario behind this observation could be a displacive
excitation of an overdamped amplitude mode, as already
proposed in Ref. 22.
Figure 4a shows X-ray diffraction profiles of the I satel-
lite peak, measured at various delays after laser exci-
tation (F0 = 6.8 mJ/cm
2, T = 240 K). Their angular
FWHMs (∼1.7◦ and ∼0.6◦ at ∆t = 2 ps and 100 ps, re-
spectively) are found remarkably larger than those of the
NC satellite peaks (∼0.3◦, see Fig. 2b) and regular lattice
peaks (∼0.3◦, data not shown). In the geometry used for
our diffraction experiment, the broadening of the I satel-
lite peak ∆ϕI [40] is related to the spread of diffracted
intensity along the
[
~a∗ + ~b∗
]
direction (see Fig. 1b):
∆qI ≈
∥∥~qI − 13 ~c∗∥∥∆ϕI . ∆qI finally translates into the
correlation length of the photo-induced I-CDW in the
(~a,~b) plane, following ξI = 2pi/∆qI . It is found to in-
crease from 7 to 23 nm in the [2-100 ps] delay range
(Fig. 4b). In parallel, we estimated the integrated inten-
sity of the photo-induced I satellite peaks, by summing
the positive count differences I (t)− I (t < 0) over the ϕ-
angle range (Fig. 4b). The diffracted intensity is found
to progressively increase in the pump-probe delay range
[2-100 ps], indicating an increase of the photo-induced
I phase volume. The concomitant growth of correlation
length and increase of the I phase volume observed is
fully compatible with the expected scenario of a first or-
der phase transition, where nuclei of the new phase are
produced and grow over time. Note that the study of
the weak I satellite peak at short delays was possible
FIG. 5. (dots) Time evolution of the correlation length of the
photo-induced I-CDW phase (F = 6.9 mJ/cm2, T = 265 K).
(line) Best fit using the power law function C ×∆t0.5. The
bottom right insert represents a subset of 3 I-CDW domains,
each characterized by a different CDW phase ΦIn. Modu-
lations of electronic density associated with the I-CDW are
color-coded within each of the 3 domains. For the sake of
simplicity, sharp domain walls are represented: their actual
width cannot be deduced from the present experiment.
only at 240 K: at higher temperatures, the background
of thermal diffuse scattering dominates the diffracted sig-
nal (Fig. 2a).
Let us now have a closer look on the experimental data
presented in Fig. 2b (F0 = 6.9mJ/cm
2, T = 265 K). In
the pump-probe delay range [100-500 ps], the progressive
reduction of the I satellite peak FWHM is still observed,
meaning that the correlation length of the I-CDW is still
increasing. On the other hand, the integrated intensity
of the I satellite peak remains constant, meaning that
the volume of the photo-induced I phase is stabilized.
These observations exclude a scenario where the growth
of correlation length would be due to the growth of I
phase regions. Instead, the growth of correlation length
should be thought as an internal rearrangement within
the photo-induced I-CDW phase. The correlation length
of the I-CDW state is a measure of the typical distance
over which the phase of the modulation remains constant.
We thus assume that the photo-induced I phase is frag-
mented into small domains, each exhibiting one phase
ΦIn (see inset in Fig. 5).
In the time interval [100-500 ps] after laser excitation,
both the electron and phonon energy distributions are
expected to be thermalized with a single characteristic
local temperature T (z). The observed development of
the I phase beyond 100 ps pump-probe delay gives evi-
dence that T (z) is greater than the critical temperature
of the NC→ I phase transition, at least for some depths z
close to sample’s surface [41]. As a consequence, the free
energy is well minimized within each photo-induced I-
CDW domain. The phases ΦIn can in principle take any
value, owing to the incommensurability of the I-CDW
with the underlying hexagonal lattice. Nevertheless, the
5steep change in the I-CDW phase which occurs through
the domain walls increases the energy of the system. This
leads to a coarsening dynamics of the domain pattern,
driven by a reduction of the domain wall area (Fig. 2c,
thumbnail 2).
Coarsening systems are known to obey the dynamic
scaling hypothesis [42]. Under such an assumption, the
domain pattern at later times exhibits similar length dis-
tributions as at earlier times, provided that a global scale
factor is applied. As a consequence, the time-dependent
growth of the domains has to be modeled by a scale-
invariant power law Atp. Figure 5 shows the time evolu-
tion of the I-CDW correlation length in the [100-500 ps]
delay range, as deduced from the broadening of the I
satellite peak. The time-dependent power law allows an
excellent fit of the data, the refined value for the expo-
nent p being 0.47±0.03. The coarsening dynamics of the
photo-induced I-CDW is found to follow the universal
Lifshitz-Allen-Cahn growth law (t1/2), which describes
domain growth in systems where the order parameter
is not conserved [42]. Note that this behavior has sel-
dom been observed experimentally, exclusively until now
on quenched liquid crystals, on micrometer and second
length- and time-scales [43, 44].
In summary, we depicted the photo-induced structural
dynamics in the NC phase of 1T-TaS2, over the relevant
range of timescales [100 fs - 1 µs]. At moderate excita-
tion fluences, we provided the first direct experimental
evidence of a displacive excitation of the NC-CDW am-
plitude mode. The photo-induced NC → I phase transi-
tion occurs for absorbed laser fluences above 2.8 mJ/cm2
at 240 K. In this high excitation regime, the NC-CDW
modulations completely disappear within 400 fs. Regions
exhibiting I-CDW modulations nucleate and grow within
the first 100 ps after laser excitation. At longer pump-
probe delays (≥ 100 ps), the photo-induced I phase has
fully developed close to the sample’s surface. Nonethe-
less, it does not correspond to the I phase observed at
thermodynamic equilibrium: its short correlation length
(∼15 nm) makes it a genuine out-of-equilibrium state.
Some of the photo-induced nanometric domains grow at
the expense of others, in a coarsening process driven by
a reduction of the domain wall area. This peculiar pro-
cess explains the unusually late observation of an out-of-
equilibrium electronic state, in a system where electron
and phonon distributions already reached a local equilib-
rium. The present work calls for further studies on the
fast domain wall dynamics in broken-symmetry phases,
which has important implications on the mechanisms of
(photo-induced) phase transitions, as well as on material
responses to an external field or stimulus.
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